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AFIT-ENG-18-M-060
Abstract

An investigation into the use of Weather Cubes compiled by the atmospheric
characterization package, Laser Environmental Effects Definition and Reference (LEEDR),
to develop accurate, long-term attenuation statistics for link-budget analysis is presented.
A Weather Cube is a three-dimensional mesh of numerical weather prediction (NWP) data
plus LEEDR calculations that allows for the quantification of rain, cloud, aerosol, and
molecular effects at any UV to RF wavelength on any path contained within the cube.
The development of this methodology is motivated by the potential use of V (40-75 GHz)
and W (75-110 GHz) band frequencies for the satellite communication application, as
V and W band frequencies incur very significant lower atmospheric attenuation. Total
path attenuation probability of exceedance curves are compared against ground based
radiometric measurements of slant-path attenuation in the V and W bands, as well as
relevant International Telecommunication Union recommendations. The results of this

work demonstrate the need for further improvements in this methodology.
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SATELLITE COMMUNICATIONS IN THE V AND W BANDS
TROPOSPHERIC EFFECTS

I. Introduction

1.1 Introduction

The evolution of communications infrastructure to accommodate the increase in
the number of users and data consumed by each user can be accomplished by using
higher frequencies. Next generation communication systems will utilize V and W band
frequencies (40-115 GHz) to address this increase in demand. While short-distance,
terrestrial V and W band frequency links exist, these bands have not been used for
Satellite Communications (SATCOM). The use of these frequencies offer several benefits
for the strategic SATCOM application. The narrow beam-width potential results in a low
probability of detection and interception. Smaller antenna and hardware components would
take up less space on a satellite payload [3]. No commercial entities currently use this band
for SATCOM, thus large portions of the spectrum are available for this application. Higher
frequency signals also have a level of resiliency to ionospheric effects.

V and W band frequencies were not considered for SATCOM in the past because of
the significant atmospheric propagation impairments incurred. Compared to the lower Ultra
High Frequency (UHF), Ku, and Ka bands used for SATCOM, V and W Band Frequencies
(VWBF) are more attenuated by tropospheric extinction. Whereas rain is often the cause of
the worst atmospheric attenuation for any frequency regime, the effect of rainfall for V and
W band frequencies is especially detrimental. The radius of a rain drop and the wavelengths
under consideration are on the same order of magnitude causing severe scattering, in

addition to significant liquid water absorption. Also, significant molecular absorption is



incurred in this frequency regime, as several strong molecular absorption lines exist in
these bands. To utilize millimeter waves in remote sensing or satellite communication
applications efficiently, accurate, long-term attenuation statistics derived using relevant
climatology are necessary.

This thesis presents a preliminary investigation into the use of Weather Cubes
compiled using the atmospheric characterization package LEEDR for the purpose
of acquiring long-term attenuation statistics for satellite communication links. Using
input numerical weather prediction (NWP) model data from the National Oceanic and
Atmospheric Administration Global Forecast System (GFS), a three-dimensional mesh of
physical atmosphere and weather data is created from which radiative transfer parameters
can be calculated at each point within the mesh. This allows for the potential inclusion
of realistic molecular, aerosol, cloud, and rain effects for a given satellite communication
simulation operating at any time and place GFS data is available. The use of LEEDR
for radiative transfer calculations makes possible the consideration of systems operating
at frequencies in the range 34.9 MHz to 1500 THz (8.6 m to 200 nm wavelength) [4].
Not only does this methodology allow for the potential for communications links to be
simulated with environmental conditions it may realistically encounter, but access to daily
Numerical Weather Prediction (NWP) data collected over the course of several years also
provides a calculated probability of occurrence of a particular weather event. Thus, a
satellite communication link can be simulated over an extended period of time to give a

better insight on long-term system performance.

1.2 Problem Statement

Propagation loss due to tropospheric effects is a major component of any link budget
analysis. The development of future V and W band communication systems requires
accurate atmospheric propagation models, which accurately capture lower atmosphere

effects, to determine a necessary link margin. With the levels of high attenuation associated



with V and W band attenuation, a reliable atmospheric characterization tool is needed for
the testing and evaluation of Propagation Mitigation Techniques (PMT). There is a lack
of experimental attenuation measurements at V and W band frequencies, as research into
this spectrum for this application has only recently been considered a serious possibility.
With the high-cost of experimental campaigns, NWP based models are being considered
to supplement the lack of experimental data. While measured data is always needed for
validation of a model, a verified and validated NWP based model can be a useful tool for

engineers and mission planners.

1.3 Justification

A measurement campaign by Air Force Research Laboratory (AFRL) is focused on
measuring attenuation statistics for V and W band frequencies. The campaign consists
of three different efforts. The first component consists of radiosounding measurements at
AFRL in Rome, NY. These measurements have been published and were available at the
time of this research [5] [6]. The second component is a flight test in which a radio beacon
transmitting at V and W band will be placed into geo-synchronous orbit. The third test
planned will launch a radio transponder that will operate at V and W band. Modeling efforts

are needed to support this measurement campaign.

1.4 Approach and Methodology

This research attempts to replicate experimentally measured attenuation data publis-
hed in [7], with attenuation statistics derived from Weather Cube data at frequencies of 23,
34, 72, and 82 GHz to model the same slant path considered in [7]. Weather Cubes are
compiled using a year’s worth of NWP data. The total path attenuation is determined for
each weather observation event. The total path attenuations from each observation are ana-
lyzed statistically to develop a Complementary Culmulative Distribution Function (CCDF)

of total path attenuation.



1.5 Assumptions and Scope

This research presents a long-term, NWP based attenuation study considering only
four frequencies over a single slant path. In particular, the total attenuation incurred only
from aerosol, cloud, molecular, and rain are considered. The scope on this research is

restricted by limited availability of measured data and validated models.

1.6 Standards

Accuracy in this research was defined as the error between the measured results
derived in [8], and the results derived using the Weather Cube method. The error metric
used to evaluate the performance of each trial under consideration is the error figure defined
in International Telecommunication Union Radiocommunication Sector (ITU-R) P.311 [9].

This is an accepted standard measure of performance for this type of study [10].

1.7 Research Question
How accurate are 4-D weather cubes at determining long-term attenuation statistics

for V and W band frequencies?

1.8 Materials

LEEDR was developed and are maintained by the CDE. Each Weather Cube data set
used in this thesis was compiled by researchers at the CDE. The NWP data used to compile
the Weather Cubes was taken from NOAA Operational Model Archive and Distribution
System (NOMADS). The measurement data used for comparison was provided by AFRL

Information Directorate in Rome, NY.

1.9 Other

The sponsor for this research is the AFRL Information Directorate.



II. Background

2.1 Chapter Overview

The development of V and W earth-space links is an active area of research which
represents the next evolution in Radio Frequency (RF) system infastucture. To give context
and scope to this research, a brief description of classical link-budget analysis is given.
Then a summary of the state-of-the art of V and W satellite communications systems is
presented. The formal literature review for this research is divided into three segments. The
first segment discusses historical modeling efforts for Extremely High Frequency (EHF).
The second summarizes modeling campaigns for V and W band frequencies. The third
examines current modeling efforts, with an emphasis on differentiation between various
approaches. The chapter concludes with background information on the software used in

this research.

2.2 Link-Budget Analysis

The purpose of link-budget analysis is to determine an appropriate operating transmit
power Pr level for a given system. The performance of statistical detection and estimation
algorithms is a function of the Signal to Noise Ratio (SNR) at the receiver. SNR is defined

as the ratio of the power of the transmitted signal Pg to the power of the noise Py, given by

Py
SNR = — 2.1
Py (2.1

The total noise power Py in this work is the contribution of all of the power not originating
from the desired source, inclusive of electrical interference, space and atmospheric noise,
and other sources. A common system performance metric used in satellite communications
is the average probability of bit error or Bit Error Rate (BER), which is defined as the
ratio of total number of bits received in error to the total number of bits transmitted. The

bit error rate is a function of the SNR at the receiver based on waveform types, encoding



schemes, bandwidth, and other system operating characteristics. The relationship between
BER and SNR may be derived theoretically or modeled using a Monte Carlo method. In
order for a system to operate at a desired BER, a certain SNR threshold must be achieved.
The contributors to the noise power Py are often random processes not adjustable by the
operator. The power at a receiver Py and a transmitter Py separated by a distance r are

related by the range equation
PrG1GrA®
Py = ————
(4nr?)Lg

(2.2)
where A is the wavelength of the signal, G is the gain factor of the transmitting antenna,
Gr 1s the gain factor of the receiver antenna, and Lg is the total path loss [11]. Examining
Eq. 2.2 further, the factor of % accounts for the free space path loss. As this factor is
inversely proportional to the square of the carrier frequency, the use of higher frequencies
incurs higher free space path loss. The gain-factors of the antennas take into consideration
the antenna beam width and directivity. The path loss parameter Lg is the total contribution
to all other forms of loss included along the path including atmospheric loss, hardware loss,
and other loss factors [11]. The total path loss factor is found as the product of all of the
loss constituents. This research is concerned with calculating atmospheric loss L4, which
is a single component of the total path loss Lg in Eq. 2.2. While the other parameters in Eq.
2.2 are considered deterministic, the value used for atmospheric loss is generally derived
statistically.

Total atmospheric loss L4 is inclusive of all attenuation incurred on a signal as it
propagates from transmitter to receiver. To an earth-space link, the atmosphere is an
inhomogeneous propagation medium with composition that varies with altitude. Above 100
km, free-ions and electrons that make up the plasma of the ionosphere can cause significant
effects on RF systems. Below an altitude of 100 km, a signal is likely to encounter
gaseous water vapor, oxygen and carbon dioxide. Similarly, clouds and rain are most likely

found only in the troposphere, at altitudes below 10 km [12]. A profile in this study is a



data point defined for a particular vertical altitude. Profiles of temperature, pressure, and
relative humidity vary also in altitude. The atmosphere is considered to be horizontally
stratified, as changes in altitude result in large variations of temperature, pressure, and air
density while similar changes in horizontal directions (latitude or longitude) often result in
negligible differences [13]. Thus atmospheric attenuation calculations can be simplified to
only consider functions of one direction [13]. The total atmospheric loss L, is the summed
contribution of total attenuation due to a variety of effects which occur at various altitudes,
and are caused by different physical mechanisms. Some of these effects include lower
atmospheric effects, such as gaseous, rain, cloud,and aerosol attenuation, tropospheric
scintillation, volcanic effects, and upper atmosphere effects such as ionospheric scintillation
and Faraday rotation [12]. The methodology developed in this work calculates attenuation
from aerosol, cloud, molecular, and rain effects. The statistic commonly used in link budget
analysis for lower atmosphere effects is the total attenuation CCDF. Also known as an
exceedance curve, a CCDF gives the probability that a given amount of attenuation or loss
will be exceeded at any given time. Optimal efficiency and government regulation often
requires the minimum acceptable power level to be used, such that a certain performance
threshold is met for an acceptable amount of time. To develop an exceedance curve, total

path attenuation data must be collected over the course of a time period.

2.3 Vand W Band SATCOM

A motivation for using V and W band frequencies in the SATCOM application is the
promise of high-bandwidth, yielding a faster data rate. While bandwidth and data-rate are
sometimes given the same units (Hz), the two metrics are not equivalent. Bandwidth in
(Hz) is a measure of how much frequency content a particular system uses, while data rate
is a measure of how much data is passed per second (bits/sec). The definition of bandwidth
used in this work is the -3 dB bandwidth, defined as the range in frequencies in which

the power of a signal is at least 3dB from the highest power level. In many cases, using



a larger band-width results in a much faster data rate. Alternative ways of increasing data
rate include utilizing more advanced communications encoding algorithms, and using more
sophisticated software. These methods are often employed in situations in which a user
allocated bandwidth is limited, thus the data rate is increased while the bandwidth used
remains constant. The use of V and W band frequencies represents a true more bandwidth
solution as more spectrum is made available. The large portions of the spectrum allow for
very high bandwidth waveforms to be used.

There are no commercial entities currently using V and W band frequencies for
uplink or downlink. Various communication structures are being considered for use in
V and W band frequencies. A major concern with using these frequencies for satellite
communications is the large amount of power that is needed to overcome the extinction due
to the troposphere. This will require hardware to operate at an elevated level of efficiency.
While the exploration of hardware limitations is not the focus of this research, it is a
significant area of concern for designing a future V and W band frequency communications
system. Ciancia et.al. states that a communication system operating in the V and W
band frequencies will suffer from significant nonlinear distortions and phase noise [3].
To alleviate hardware impairments to a W band communications systems, Sacchi et.al
recommends using Pulse Shape Modulation (PSM) using the prolate spheroidal wave
function as a waveform [14]. Sanctis et al. also suggests using impulse-radio waveforms for
communications systems using V and W band frequencies [15]. Mulinde et.al. recommends
overcoming phase noise using single-carrier, constant envelope frequency domain multiple
access (SC-CE-FDMA) [16]. SC-CE-FDMA has also been demonstrated to work well in
frequency-selective fading channels [16].

With the increase in tropospheric attenuation at higher frequencies, it has become
apparent that there is a need for the use of PMT. PMTs include power level, spatial

diversity, and adaptive coding. The development of these techniques requires proper



channel characterization. An error model for a quadrature phase shift keyed system is given
by Rossi et al. for a satellite communications system utilizing an uplink frequency of 48
GHz, and a downlink frequency of 38 GHz [17]. The error model is based on measurements
made during the Alphsat measurement campaign [17]. The Gilbert-Elliot model is intended

to support the development of propagation mitigation techniques [17].

2.4 Historical Millimeter Wave Propagation Studies

A seminal report on microwave Earth-Space propagation links was written by Crane
and Blood in 1979. This report represents one of the earliest models to use meteorological
data, rather than experimental measured data for the prediction of rain attenuation [18].
Addressing effects from molecular, rain, and tropospheric scintillation, the intention of
the 1979 report was to address the use of increasingly higher frequencies for earth-space
links, which at the time included Ku, K, and Ka band [18]. Using Weather Cubes to
derive long-term attenuation statistics, this research intends to provide a methodology to
replicate this effort for the V and W band. One of the most significant researchers in the
field of millimeter wave propagation was Hans Liebe who developed the Millimeter Wave
Propagation Model (MPM). The MPM serves as the basis of many atmospheric line-by-line

codes, including the ITU-R recommendation for atmospheric gases (ITU-R P.676) [19].

2.5 Measurement Campaigns in the V and W Band

The measurement of total path attenuation of EHF is an active area of research.
Measurement campaigns consist of radiometric studies, and terrestrial and celestial beacon
and transponder measurements. A radiometer is a device that measures electromagnetic
energy. Radiometric measurements can be post processed to determine attenuation. A
beacon measurement consists of determining attenuation by measuring the decrease in
power at a receiver from a known transmitter power. A transponder measurement involves

the actual transmission of data to determine performance of a particular system. A summary



of millimeter wave propagation studies to-date is given by Murrell et al. [20]. While several
preliminary radiometric studies have been published, there is very limited beacon data in
the V and W band [20]. The European Space Agency Alphasat satellite transponders have
allowed communication experiments at frequencies in the lower portion of the V band (at
47.9 and 48.1 GHz ) [17]. There is a significant need for more satellite-based transponder
studies. Researchers at the University of New Mexico and the AFRL Space Vehicles
Directorate made terrestrial measurements of rain attenuation at V and W band frequencies
for a 23 km long slant path, at an elevation angle of 4.16 °, using a transmitter and receiver
[21]. Measurements of attenuation were made during two, short-term isolated events
during a heavy and light rain event at 72 and 84 GHz, and were compared to attenuation
data predicted by the Silvia-Mello and ITU-R model for rain attenuation [21]. Another
measurement campaign was carried out by the Antennas and Optical Communications
Branch of the NASA Glenn Research Center [22]. In this effort, a ground-based radiometer
was used to create vertical profiles of temperature and water-vapor up to an altitude of 10
km for an observation period of three months [22]. These vertical profiles were then input
to ITU-R recommendations for gaseous and cloud attenuation to solve for total attenuation
due to molecular and cloud effects [22]. This method does not allow for the calculation of
cloud and rain effects.

Measured attenuation data at frequencies 82, 72, 34, and 23 GHz were derived by
researchers from AFRL Information Directorate [8]. An attenuation retrieval algorithm was
applied to ground based radiometric measurements over the course of a single year (2011)
with a 1 Hz sampling rate [8]. The use of the algorithm allows for the determination of rain
attenuation statistics using passive radiometry. The brightness-temperature measurements
were made at an elevation angle of 36 ° from a ground station at Rome, NY [8]. The

experimental data collected by Brost et al. is used as comparison data in this research.
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2.6 Modeling Campaigns in the V and W band

There are limited modeling capabilities published to support V and W band
propagation studies. This is primarily due to the lack of measured data in this frequency
regime as many models are developed using measured data. Additionally, empirical
or NWP-based modeling techniques require measured data for validation. Atmospheric
propagation model types include empirical methods, statistical NWP path attenuation
models, and instantaneous NWP path attenuation models [10]. Empirical models are
primarily derived from measurements, in which mathematical equations are derived to fit
the measured data. Statistical NWP path attenuation models use long-term climatology
data collected for exceedance percentage p to calculate attenuation values. Thus, statistical
weather data is used to calculate statistical exceedance values. Alternatively, instantaneous
NWP path attenuation models directly calculate attenuation from NWP observation data
collected over a period of time, which is then used to create an exceedance curve in a
method similar to Eq. 3.17.

ITU-R provides recommendations that that allow for the calculation of long-term
attenuation statistics. An empirical method, ITU-R P. 618 (Propagation data and prediction
methods required for the design of earth-space telecommunication systems) is often used
in link-budget analysis [23]. Brost and Cook have demonstrated that current empirical
methods of calculating the rain attenuation, such as the ITU-R P. 618-10 Model, do not
accurately predict rain attenuation in the V and W band [24]. The discrepancies between
the empirical models and the available measured data can be partially explained by the
fact that the empirical models are derived using lower-frequency data [24]. ITU-R also
has published several statistical NWP recommendations for the calculation attenuation
from molecular, rain, and cloud effects. These recommendations, along with available

climatology published by the ITU-R, are utilized to create comparison data in section 3.6.
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The methodology proposed in this thesis is an instantaneous NWP path attenuation
model. As arelatively new concept, instantaneous NWP path attenuation models potentially
offer desirable advantages over statistical NWP path attenuation models for use in the V
and W band. In particular, instantaneous NWP path attenuation models allow for the use of
realistically correlated atmospheric and weather data. In statistical NWP path attenuation
models, different input climatology exceedance data are collected independently for each
attenuation mechanism. As an example, the ITU-R statistical NWP cloud attenuation
model (ITU-R P.840) uses the total columnar content of reduced liquid of water vapor for
an exceedance percentage data to calculate the attenuation from clouds for a particular
exceedance percentage [2]. Simultaneously, an ITU-R statistical NWP path attenuation
model for rain determines a specific attenuation from rain that is a function of the rain
rate exceeded for a given exceedance probability (ITU-R P.838) to calculate the specific
attenuation, and eventually the total path attenuation due to rain [25]. The total columnar
content of reduced liquid of water vapor used to calculate attenuation from clouds, and the
rain rate used to calculate the attenuation due to rain are then independent of each other,
which is not the case in reality [26]. With the significant attenuation incurred from weather
effects in the V and W bands, it may be important to preserve the correlation between
weather parameters. The calculation of attenuation directly from NWP data allows for this.
Additionally, instantaneous NWP-based modeling allows for the consideration of weather
diversity along the propagation path.

An instantaneous NWP path attenuation model was developed by researchers from
National d’Etudes et de Recherches Aerospatiales. It utilizes GFS data input to Weather
Research and Forecasting Model (WRF) to create a four-dimensional data field [27]. The
use of the non-hydrostatic WRF allows for a data resolution as low as 20 km at high-
computational cost [27]. Using the data field, ITU-R P. 676 is used to calculate molecular

specific attenuation from oxygen and water vapor, and ITU-R P.840 is used to calculate
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the attenuation from clouds [27]. Specific attenuation from rain is calculated using light
scattering theory [27]. Whereas long-term statistics are not provided in [27], a short-term
attenuation result is given.

Another instantaneous NWP path attenuation model, Atmospheric Simulator for
Propagation Applications (ATM PROP) developed by Lorenzo Luini of Politecnico di
Milano, simulates rain and cloud fields using global rainfall and cloud models [10].
ATM PROP creates synthetic rain, cloud, and water vapor fields using data from the
European Center for Medium-range Weather Forecast ERA40 database [10]. Rain fields
are generated by MultiExcell, Stochastic Model of Clouds, and Stochastic Model of Water
Vapor [10]. These synthetic fields of weather data were observed using a weather radar
[10]. Whereas a comprehensive verification and validation of ATM PROP has not yet
been published, preliminary results are compared with the ITALSAT experiment in [10].
Differences between the instantaneous NWP-based models presented here, and the model

presented in this research, will be given in chapter five.

2.7 Weather Cubes and LEEDR

The Weather Cubes used in this research are compiled utilizing LEEDR. A verified
and validated atmospheric characterization package and radiative transfer code, LEEDR
supports a full spectral range of 34.9 MHz to 1500 THz (8.6 m to 200 nm wavelength) [28].
The development of LEEDR was motivated by the need for highly accurate atmospheric
profiles for directed energy weapon simulations. With access to climatology data from
the Extreme and Percentile Environmental Reference Tables (ExPERT), LEEDR can
create vertical profiles of Weather using relevant climatology [29]. Additionally, LEEDR
allows for input atmospheric data from NOMADS, and from several standard reference
atmospheres. User-defined weather including different types of rains and clouds can be

placed in the atmospheric profile. Weather Cubes extend the functionality of LEEDR to
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allow for the consideration of multiple vertical profiles. A description of Weather Cubes is

found in literature [4].
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III. Methodology

3.1 Chapter Overview

The methodology used to generate long-term statistics from Weather Cubes is given
here. To develop this methodology, the calculation of extinction from NWP data is first
presented for a single vertical profile. Then the integration of multiple vertical profiles
to form a Weather Cube from which total path attenuation calculation is described. An
explanation of the ITU-R statistical NWP-based total path attenuation model compared to
the Weather Cube derived results is also given. The section concludes with brief description
of the error analysis and performance metrics used to compare and contrast different

models.

3.2 Attenuation Calculations
The development of total attenuation exceedance curves requires measurements or
calculations of total path attenuation over the course of a period of time. In experimental
campaigns, signal power received, P, from a beacon transmitting at a known power level
Py is measured. By the Beer-Lambert relationship, the output power P of monochromatic
radiation propagating through a medium, with a total extinction coefficient 8, and thickness
AS is given by
P = P,e P42 [13). (3.1)

Investigating the Beer-Lambert further, the optical depth 7 is defined as 7 = 5,AZ, and
the transmittance ¢ is defined as t = ¢™7 [13]. To make the connection between attenuation
defined in an engineering context and the Beer-Lambert relationship, attenuation is defined

as the difference between the incident power of radiation P, and the output power P

Aup = Pyap — Pyp. (3.2)
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Rearranging Eq. 3.1 yields

P,
5= i (3.32)

Applying the definition of a decibel (X;5 = 10logo(X)) to both sides of Eq. 3.3a
demonstrates that the left side of Eq. 3.3a becomes the definition of total path attenuation

in decibels
P,
Aup = 1010810(?) = 10log10(P,) — 10log10(P) = P,.ap — Pas- (3.3b)
The right side of equation 3.3a becomes
Agp = 10log o(eP4%). (3.3¢)

To simplify Eq. 3.3c further, the logarithm change of base formula is used. For some ratio

X, the change of base formula allows for

l X
In(x) = 10810 (3.3d)
logio(e)
The change of base formula is substituted in Eq. 3.3c as
Agp = 10log10(€?*?) = 10logo(e)In(é?*?) = 10logo(e)B.AZ. (3.3¢)

The factor 10logo(e) ~ 4.343 is known as the attenuation constant. Total path attenuation
in decibels is then the product of the attenuation constant and the total optical depth of the

system under study which is calculated as

AdB = 1Olog10(e) *T. (33f)

Thus in experimental campaigns in which the distance AZ is known, the extinction
coeflicient 5, can be calculated. For an experiment measuring total atmospheric attenuation,
the extinction coefficient is then constant for the entire earth-space path. As the composition
of the atmosphere changes with altitude, the calculated extinction coefficient is generally

only representative of total path attenuation. The approach used in this research utilizes the
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Figure 3.1: Horizontal stratification of the atmosphere. For the purposes of calculating
extinction, the atmosphere is divided up into equally spaced layers of vertical width

AZ.

atmospheric radiative transfer code LEEDR to directly calculate an extinction coefficient
inclusive of aerosol, cloud, molecular, and rain effects using first-principle, physical
models. Using the horizontal stratification assumption, the atmosphere is divided into N
vertical slabs of the same thickness AS, in which the composition, temperature, pressure
and other physical properties are homogeneous. The spacing of the vertical slabs is based
on the resolution of the input profiles used. A graphical representation of this model is
given in Fig. 3.1. This allows for a single extinction coefficient to be calculated for a single
slab in units of inverse km. The total optical depth for the entire atmosphere is the sum of
the optical depth of each slab [13]. For N slabs of equal length, the total optical depth of

the atmosphere is given by

N
Tarm = Z;:Be[n]AZ (34)
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The extinction coefficient 5, for each slab is calculated as the sum of extinction due to

absorption effects 3, and the total extinction due to scattering effects S, given by

Be = Ba + Bs- 3.5)

Absorption refers to extinction due to the conversion of signal energy into another
form such as heat, and scattering refers to the re-direction of signal energy out of the
direction of interest [30]. The total extinction due to absorption S, is the sum of the
extinction due to absorption inclusive of the molecular absorption B, oiecuiar, @€1rosol

absorption B, serosols, Fain absorption S, ,4in, and cloud absorption 5, 045, calculated as

ﬁa = ﬁa,molecular + ﬁa,aerosols + ﬁa,min + ﬁa,cl()uds- (36)

The total extinction due to scattering Sy is the sum of the extinction due to scattering
inclusive of molecular scattering S molecutars @€10S0l scattering S serosois» Tain scattering

Bs.rain» and cloud scattering S cjouqs, calculated as

Bs = ﬁs,molecular + ﬁs,aerosols + ﬁs,rain + ﬁs,clouds- (37)

3.2.1 Molecular Absorption.

Molecular absorption is the attenuation due to the conversion of a signal to heat and
other chemical energy. The nature of the phenomena is best described using quantum
mechanics [13]. The energy of a photon is directly proportional to the frequency f through
Planck’s constant, given by

E = hf. (3.8)

A molecular species absorbs photons at specific energies, which translate to specific
frequencies according to 3.8. These frequencies are called a variety of names including
absorption, spectral, and resonance lines with each line representing a single frequency
[13]. Experiments are used to identify and determine the magnitude of spectral lines for

various absorption species. The total amount of absorption for a single absorption species
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is the summed contribution of each individual spectral line. While absorption lines are
defined for single-frequencies, in practice the effect of a single line can cause absorption
over a range of frequencies as a result of pressure or Doppler broadening [13]. This
effect is captured through the use of line-shapes such as the Gaussian or Lorentzian [13].
Additionally, an absorption continuum is applied to account for differences in between
models and measured data [13]. A general equation for total absorption £, for a given
absorption species at given altitude is
J
Bua=p ), Sie(f = ) +x (3.9)
=1

where p is the density of the absorption species at a particular layer of the atmosphere, § ; is
the strength of the jth spectral line, g(f — f;) is the line shape, « is the absorption continuum,
and J is the total number of absorption lines under consideration [13]. This methodology
is known as line-by-line methodology. As the density of absorption species various with
altitude, Eq.3.9 must be repeated for each altitude in the profile. LEEDR applies a
line-by-line method of calculating molecular absorption using spectroscopic parameters
from the High-Resolution Transmission Molecular Absorption Database (HITRAN) [31].
Originally created by Air Force Cambridge Research Laboratory, HITRAN is maintained
by the Atomic and Molecular Physics Division of the Harvard-Smithsonian Center for
Astrophysics [32]. LEEDR considers thirteen different absorption species, which are given

in table 3.1 [31].

LEEDR also offers the option of calculating molecular effects using the Correlated-
K methodology. A faster calculation alternative to the full line-by-line method, the
Correlated-K method averages the contributions of different absorption lines such that the
full integration over each line does not have to be considered [13]. Molecular absorption is

calculated using a Raleigh scattering algorithm [31].
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Table 3.1: Molecular Absorption Species Used in LEEDR [29]

Absorber | Name Concentration (Molecule cm ~2)
H,O Water Vapor Variable
CO, Carbon Dioxide 4.00x 107*
03 Tropospheric Ozone | Variable
N,O Nitrous Oxide 3.20x 1077
co Carbon Monoxide | 1.50 x 1077
CH, Methane 1.794 x 107°
0, Oxygen 2.09 x 107!
NO Nitrogen Oxide 2.99 x 10710
S0, Sulphur Dioxide 2.93 x 10710
NO, Nitrogen Dioxide 2.99 x 107!
NH; Nitrogen Hydride 5.03x 1071
HNO; Nitric Acid 530 x 107!

3.2.2 Rain and Cloud Absorption and Scattering.

Extinction for rain and clouds is calculated using a Mie scattering algorithm. While
a full derivation of the theory of Mie scattering is given in [30], a brief description of
the methodology used in LEEDR is given. The implementation of Mie scattering used
in LEEDR is the Wiscombe Mie model [33] [31]. Mie Scattering is derived by using
a solution to the vector wave equation with spherical polar coordinates for a specific
boundary condition [30] [13]. Micro physical properties are assigned to the Mie scattering

code based on the rain rate used. The extinction coefficient B, yearmer 15 calculated as

ﬁa,weather = foo n(r)Qe(r)Jrrzdr (310)

0
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where n(r) is the drop size distribution, r is the radius of a given drop, and Q,(r) is the

extinction efficiency for a single constituent. Q.(r) is given as

0.(r) = % ;(2;1 + DR(a, + b,) (3.11)

where a, and b, are Mie Scattering coefficients [13]. Likewise the extinction due to

scattering is calculated by
po= [ nnomrar (3.12)
0

where n(r) is the drop size distribution, r is the radius of a given drop, and Q,(r) is the

extinction efficiency for a single constituent. Q(r) is given as

(o)

2
Qi) =3 Z(Zn + DR(la,[* + [b,*) [13]. (3.13)

n=1

3.2.3 Aerosol Absorption and Scattering .

Aerosols are small particles that are suspended in the atmosphere, such as haze or
air pollution. Generally not figured in RF link budget analysis calculations the effects of
aerosols could become significant in certain atmospheric conditions for EHF bands. The
Wiscombe Mie model is used to calculate aerosol scattering and absorption [31]. Inputs to
the model include temperature, relative humidity, radiation frequency, and number density

of the aerosol types taken from Global Aerosol Data Set (GADS) [31].

3.3 Calculation of a Slant Path Attenuation

By combining the extinction coefficient from each constituent at each level of the
vertical profile using Eq. 3.5, 3.6, and 3.7, a vertical profile of total extinction coefficient is
generated. The total path attenuation in decibels, A p, is calculated as

N
Ags = 10logio(e) Y felnlAZ (3.14)

n=1
where N is the total number of points in the profile, 3.[#] is the extinction coefficient of the

nth slab in units of inverse km, and A, is the vertical thickness of the slab in km. A slant
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path is defined as a straight-line path from a platform to target. If a slant path is considered,
AZ is calculated as,

AZ = %sin(@) (3.15)

The top of the atmosphere in this work is 100 km, as above that altitude the effects

calculated using LEEDR are negligible.

3.4 Weather Cubes

A Weather Cube extends the use of a single profile to incorporate weather and
atmospheric data for a much larger field of study. A Weather Cube is a data structure
that is made up of multiple three-dimensional meshes of data. Each mesh is compiled by
the simple concatenation of atmospheric profiles generated using LEEDR for a selected
geographic region. An example of a five by five Weather Cube is given in Fig. 3.3, with
nomenclature five by five referring to the fact twenty-five total profiles were used in
square arrangement of latitude/longitude values. The resulting mesh is a three-dimensional
representation of a single type of data, in which each each data point is defined at a latitude,

longitude, and altitude coordinate.

A description of the Weather Cube data structure is given in Fig. 3.2 for a Weather
Cube compiled for a specific time for M latitude and longitude locations, and for vertical
profiles calculated for N points. The temperature, relative humidity, pressure, vertical
velocity, air density, and relative humidity mesh are created using NWP data from GFS. The
C? mesh is the structure function for atmospheric turbulence calculated using LEEDR’s
Tatarski Turbulence calculator [31]. The scattering mesh consists of the total extinction
from scattering S, in units of inverse kilometers. Similarly, the absorption mesh consists of
the total extinction coefficient from absorption S, in inverse kilometer. The extinction mesh
is simply the sum of the total extinction due to absorption and scattering. The albedo mesh

gives the ratio of scattering to absorption at each point. As the calculations of absorption,
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Figure 3.2: Block diagram of a Weather Cube data structure. A single Weather Cube

consists of different three dimensional meshes of data, each represented by the boxes

in the diagram. The size of each mesh is determined by the number of latitude and

longitude points considered M, the number of points in the vertical profile N, and the

number of wavelengths (frequencies) considered. Each Weather Cube is defined for a

particular date and time.

albedo, total extinction, and scattering are frequency depended, a single mesh is created for

each frequency.

GFS data is available at one-half degree latitude by one-half degree longitude for

any location on the surface of the earth. GFS data is incorporated into each profile up
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to an altitude of 30 km. Above 30 km, atmospheric data is primarily taken from the 1976
Standard U.S. Atmosphere. This is shown in Fig. 3.3, where the green data points indicate
portions of each profile in which GFS data is incorporated. GFS is made available four
times a day at 0000, 0600, 1200, and 1800 Coordinated Universal Time (UTC) and is
available for multiple years.

3.4.1 Physical Size.

The cube size of a Weather Cube is determined by the total number of vertical profiles
incorporated. In general, a square number of profiles is used giving rise to the name Weather
Cube. Each profile or vertical post extends from the surface to an altitude of 100 km. The
physical shape of a Weather Cube is not a perfect cube because of the curvature of the earth.
To demonstrate the physical size of a Weather Cube under consideration, a five by five
Weather Cube located near Rome, NY is plotted on a north, east, up local level coordinate
system in Fig. 3.4. Accounting for the curvature of the Earth, the size of the Weather Cube
under consideration is approximately 250 km x 250 km x 100 km. The one-half degree
latitude, one-half degree longitude spacing is determined by the NWP data used. With the
horizontal stratification of the atmosphere, the limited resolution of data in the north/east

plane is generally acceptable.

3.4.2 Weather Placement Algorithm [1] .

The GFS data does not provide the necessary details about clouds and rain necessary
for the accurate calculation of attenuation. In the absence of meteorological or remote
sensing equipment to determine micro-physical properties of clouds and rain, a weather
placement algorithm is used. The weather placement algorithm determines at what altitude
levels the weather exists and what type of weather exists at each point. Based on the input
NWP data, the weather cube algorithm infers that a certain type of reference cloud exists

and assigns realistic micro-physical properties. To determine the probable existence of
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Figure 3.3: An example of a five by five Weather Cube over Rome, NY. Each vertical
post or profile extends from the surface to an altitude of 100 km above the surface. The
green portion of each vertical post or profile is data taken primarily from GFS data,
while the blue portion of each vertical profile is primarily taken from U.S. Standard

atmosphere.

clouds at any vertical level as inferred by the GFS model, relative humidity and vertical
velocity at each point along the profile are considered. The vertical velocity at each point
is the Lagrangian rate of change of pressure. Three different cloud types (fog, stratus,
cumulus clouds) can be placed above or below the boundary layer, where the boundary
layer is defined as the lowest portion of the troposphere that is in contact with the earth‘s
surface. The thresholds used in the weather placement algorithm are listed in table 3.2 . If
the thresholds are met at a particular altitude, then a reference type of cloud is said to exist
there.

Rain is placed within the cube if a cloud is determined to exist, and a total precipitation

value is reported during the six-hour weather forecast interval. Five different types of rain
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Figure 3.4: The same Weather Cube plotted in Fig. 3.3 is plotted on a north, east, up
local level coordinate system, showing the spatial resolution of the data. The location
of each vertical profile is determined by the GFS data used to create it. There is

approximately 50 km spacing between each profile.

can be placed within the cube including very light rain (2 mm/hr), light rain (5 mm/hr),
moderate rain (12.5 mm/hr), heavy rain (25 mm/hr), and extreme rain (75 mm/hr). The
total precipitation value reported by the GFS data is divided by six to give a simple average
rainfall rate. The intensity of rain placed into the Weather Cube model is determined by the
threshold values contained in table 3.3. Rain fields are placed into the vertical profile from
the surface up to the half-way point in the clouds. An example of weather fields placed into

the Weather Cube is given in Fig. 3.5.

3.4.3 Slant Path Calculations.
The extinction mesh is used to determine the total extinction along the path. An

extinction coeflicient in units of inverse kilometer is calculated at each data point in the
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Figure 3.5: An example of weather fields placed inside of a Weather Cube for a single
time. Each plotted data point represents a coordinate in which weather (clouds or
rain) are placed. The total attenuation values from aerosol, cloud, molecular, and rain

effects are given.

mesh. There is a single extinction mesh for each frequency under consideration. A slant
path is defined as a straight line path from a platform (transmitter) to target (receiver).
The elevation angle is the angle between the slant path and the plane of the surface. The
maximum height of each profile in the Weather Cube is 100 km above the surface of the
earth, therefore only slant paths up to an altitude of 100 km can be considered. This is
acceptable as the effects modeled in the Weather Cubes (aerosols, cloud, molecular, rain)
are generally not significant above altitudes of 100 km. In this work, a one-way slant path
from a platform located on the surface to a target located at altitude 100 km above the
surface is considered. The altitude of each data point in the Weather Cube is given as

kilometers directly above the surface.
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Table 3.2: Weather Placement Algorithm Thresholds.

Relative Humidity | Vertical Velocity | Wind Speed | Cloud Base
Cloud Type
(%) (Pals) (m/s) (mAGL)
Upper Limit: 0.00
> 100 <2.5 0 Fog
Lower Limit: -0.12
Upper Limit: -0.12 Stratus Within
> 90 NA NA
Lower Limit: -5.99 Boundary Layer
Upper Limit: -6.00 Cumulus Within
> 90 NA NA
Lower Limit: —co Boundary Layer
Upper Limit: -0.12 Stratus Above
> 70 NA NA
Lower Limit: -5.99 Boundary Layer
Upper Limit: -6.00 Cumulus Above
> 70 NA NA
Lower Limit: —oco Boundary Layer

When considering a slant path, the curvature of the earth must be taken into effect.
The altitude coordinate of each data point in the mesh is given as the altitude directly above
the surface. With a curved earth, each point on the surface is at a different altitude relative
to every other point on the surface. The Euclidean distance L from a platform located
at (Latpygr, Lony, Alty,) to a target located at (Latiqyq, LONgyq, Altyare) , 1s calculated by
converting each coordinate to a Cartesian coordinate system. The slant path is divided into

N equally spaced segments of length AS according to

AS = (3.16a)

L
N
where N is the resolution of the slant path. The cumulative slant length at the nth point in

the slant path is defined as

S[n] = ZAS. (3.16b)



Table 3.3: Rain Placement Thresholds

GFS Rain Rate (R) | Weather Cube

(mm/hr) Rain Rate
Very Light Rain
O0<R<35 Y e
2mm/hr)
Light Rain
35<R <875
(5mm/hr)
Moderate Rain
8.75 <R <18.75
(12.5mm/ hr)
Heavy Rain
18.75 <R <50
(25mm/hr)
Extreme Rain
50 <R

(75mm/hr)

Fig. 3.6 shows the division of a slant path with elevation angle 8 into N sections where

S a[n] is the average altitude of the nth slant path segment and

AZ = AS * sin(0). (3.16¢)

Thus the assumption is made that each incremental segment is at a constant altitude which
is the simple average altitude of the section. To calculate the average altitude of each section
along the slant path, the law of cosines is used. Fig. 3.7 demonstrates the calculation of the
elevation along the path where Py, is the height of the platform above the surface of the
earth in km, 77, is the height of the target above the surface of the earth in km, and R is
the radius of the earth (6378.137 km). In the case of earth-space links, the platform height
is generally zero as the transmitter is located on the surface. A triangle is formed with

verticies at the platform, the target, and the center of the earth as demonstrated in Fig. 3.7.
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Figure 3.6: Slant path geometry for a straight line path from the surface to an altitude

Z. at an elevation angle of 36°. The slant path is divided up into N segments of equal

length AS. The altitude of nth segment S ,,[#] is the average altitude of the segment.

The length of two sides of the triangle are given by
Ppisr = P+ R (3-16d)

and

Thir = T + Rg. (3.16¢)
The parameter cos(¢) is calculated as

+ [? — P?

T2
hitR (3.16f)

_ T ht+R
cost) = ——op L
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Figure 3.7: Calculation of altitude at each point along the slant path between a

platform with altitude P,, and a target at altitude 7',

The distance from the center of the earth to the position of the nth point in the slant path is

calculated as

Asir(n) = [P + STl = 25 [n]Pyy.rcos() (3.16g)

where S[n] is defined in Eq. 3.16b. To get altitude above the surface, the radius of the Earth
is subtracted out in

AS = AS+R - RE. (316h)
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The altitude of each incremental length is the average altitude for each segment along the

slant path calculated as

S aln] = S[”]Jrg[“ U o rorn=t12.n-1 (3.161)

S a[n] is the altitude of the nth segment. The slant path then is defined as the set of N total
coordinates (S /(1] S o[]S air[n]), where S, [n] and S ,,[1] are the latitude and longitude
coordinates of the midpoint of the nth slant path section. A three-dimensional, linear
interpolation of the three-dimensional extinction mesh is used to determine an extinction
coeflicient S,[n] for each coordinate in the slant path. Any portion of the slant path which
lies outside of the geographic boundary of the Weather Cube is assigned an extinction
coeflicient of zero. Any slant path, regardless of elevation angle or whether it passes through

a given profile, can be considered with this methodology.

3.5 Long-Term Statistics

Each Weather Cube is compiled for a single date and time according the availability
of the NWP data. With the GFS data used in this study, it is possible to create an array
of Weather Cubes by collecting Weather Cubes compiled over the course of desired
period of time. With the GFS data used in this study, individual Weather Cubes can be
compiled four times a day (at 0000, 0600, 1200, and 1800 UTC) for any day in which
GFS data is available. To develop long-term attenuation statistics for a given slant path,
the total attenuation for the path is simply calculated for each Weather Cube in the
array. The incorporation of NWP over a wide range of dates allows for the calculation
of attenuation values necessary for the calculation of total path attenuation probability of
exceedance curves. To calculate the exceedance curve from the Weather Cube attenuation,

a combinatoric method under a uniform probability distribution assumption is used in,

#of (A > (A(m)))

EX(m) = i

form =1,2,3.M (3.17)
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where EX(m) is the exceedance probability of the attenuation value calculated from the
mth Weather Cube, A(m) is the total path attenuation calculated for the mth Weather Cube,

and M is the total number of Weather Cubes in the array.

3.6 International Telecommunication Union Recommendations

The ITU-R publishes several recommendations for the planning of earth-space
links. To provide another comparison in addition to the measured data, several ITU-R
recommendations are combined. The recommendations used in this comparison are
given in table 3.4. Whereas the ITU-R recommendations are updated periodically, the
recommendations used in this work were the most up-to-date at the time of this analysis.
The ITU-R does not provide a recommendation for aerosol attenuation, as the effects of
aerosols are not generally factored into link-budget calculations. The total path attenuation
is found by combining the recommendations for molecular (gaseous), cloud, and rain
effects. Full descriptions of the calculations used in each ITU-R recommendation are
published, therefore these descriptions will not be repeated here. Instead, the integration

of the different recommendations used to derive the data is presented .

Table 3.4: ITU-R Recommendations Used in this Work

Recommendation Name Last Update
ITU-R P.676-11 Attenuation by Atmospheric Gases 9/16
ITU-R P.835-5 Reference Standard Atmospheres 2/12
ITU-R P.837-7 Characteristics of Precipitation for Propagation Modelling 6/17
ITU-R P.838-3 | Specific Attenuation Model for Rain for Use in Prediction Methods 3/15
ITU-R P.839-4 Rain Height Model for Prediction Methods 9/13
ITU-R P.840-6 Attenuation Due to Clouds and Fog 9/13
ITU-R P.1511-1 Topography for Earth-to-Space Propagation Modelling 8/15
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3.6.1 ITU-R Molecular Absorption .

ITU-R P.676-11 is implemented to calculate molecular effects [34]. The full, line-
by-line summation is used. As compared to Weather Cube methodology, ITU-R P.676-11
considers only resonance lines from oxygen and water vapor with a dry and wet continuum
[34]. Inputs to ITU-R P.676-11 include the temperature profile in K, atmospheric pressure
profile in hPa, and the water vapor partial pressure profile. Each of these profiles is taken
from the U.S. Standard Atmosphere from ITU-R P.835-5 [35]. Each profile includes data
from the surface to an altitude of 85 km above the surface, with a resolution of 85 m. For
each datapoint in the vertical profile, a specific attenuation value is calculated with units

(dB/km). The total gaseous attenuation for a slant path in decibels is calculated by

N
Agas = Z ’)/m[n]AZ (318)
n=1

where 7y,,[n] is the specific attenuation due to gaseous absorption of the nth point in a
profile, N is the total number of vertical points in the profile, and AZ is defined in Eq.3.15.
3.6.2 ITU-R Cloud Absorption [2].
ITU-R P.840-6 is implemented to calculate the exceedance curve for cloud effects.
ITU-R P.840-6 directly calculates the total attenuation due to cloud effects for a given

exceedance probability by

L,.a(p)K,
Acioua(p) = % (3.19)

where L,., is annual the total columnar content of reduced liquid of water vapor for an
exceedance percentage p, K; is a frequency dependent term, and 6 is an elevation angle.
Climatology values for L,., for a specified latitude and longitude coordinate are provided
through a digital map for exceedance probabilities 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5, 10, 20, 30,
50, 60, 70, 80, 90, 95, and 99 %.

3.6.3 ITU-R Rain Effects.

To calculate the exceedance curve for rain, data from several ITU-R recommendations

are combined. The total rain attenuation exceedance curve for a given probability p is given
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by

h, — hy
Arain(p) = ')/rain(p)ﬁ (320)

where 4, is the mean annual rain height above mean sea level in km, /; is topographical
height, 6 is the elevation angle, and 7,,,(p) is the specific attenuation due to rain for
an exceedance percentage p. Values for &, and h; for a particular latitude and longitude
coordinate are taken from digital maps in recommendation ITU-R P. 839-4 and ITU-R P.
1511-1 respectively [36] [37]. To calculate y,,,(p) ITU-R P.838-8 is used. Inputs to ITU-R
P.838-8 include rain rate exceeded for a given probability p, frequency, elevation angle, and
polarization angle [25]. A polarization angle of 45 ¢ is assumed. The rain rate exceeded for
a given probability p for a given latitude and longitude coordinate is taken from ITU-R
P.837-7 [38].

3.6.4 Total ITU-R Attenuation .

The exceedance curve for the total path attenuation due to the effects of cloud, rain,

and molecular attenuation A, (p) is calculated as

Atotal(p) = Agas + Acloud(p) + Arain(p) (3.21)

where Agus, Acioua, and A, are all described previously. A constant molecular attenuation
value, Agq, 1s assumed since the 1976 U.S. standard atmosphere is used rather than a series
of NWP data. To generate the exceedance curve, Eq: 3.21 is applied to 500 equally spaced
exceedance probability values from 0.01 % to 99 %. To demonstrate this methodology, the
ITU-R method is used to create an exceedance curve for Rome, NY. The ITU-R derived
exceedance curve is plotted in 3.8 against the exceedance curves generated using radio-

sound data in [8].

3.7 Model Error Figure
The metric used to determine how well the Weather Cube method calculates total path

attenuation as compared to other methodologies is the error figure given in ITU-R P.311.
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Figure 3.8: Comparison of extinction curves derived using the ITU-R methods plotted

with experimental data collected in [8].

The error figure for a given exceedance percentage p, ¥(p) is calculated as

0.2
Are_ (p) Aexp(p) . .
(1—/0) ln(m) lfAref(p) < 10dB;

Y(p) = { (3.22)

Aexp(P) .
ln(m) ifA.;(p) > 10 dB.
where A,.r(p) is the reference, and A,,), is the experimental attenuation value at percentage

p [9]. The average error figure in the this research is defined as the simple arithmetic

average across ¥/(p), and the root mean square error is defined similarly.
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IV. Results Analysis

4.1 Introduction

To evaluate the use of Weather Cubes to determine long term statistics, exceedance
curves are generated using the methodology developed in section 3.5 for a 36 ° slant
path in Rome, NY. All results are derived for a one-way path from the ground to a point
100 km above the surface of the earth. The decision to model a slant path from Rome,
NY is motivated by the availability of ground based radiometric measurements of slant
path attenuation data in the V and W band to compare against [8]. The four frequencies
considered in each trial are 82, 72, 34, and 23 GHz.

Results are reported as four different trials which use different combinations of
Weather Cube size and number of years of NWP data. The research efforts are described
in table 4.1. As this research represents a first attempt to develop long-term statistics using
Weather Cubes, a significant amount of this effort was invested into troubleshooting. Total
path attenuation probability of exceedance curves are generated for each frequency in
each trial. The performance of each trial is quantified through the ITU-R error figure,
the calculation of which is described in section 3.7. Additionally, the average and the
root-mean-square value of the error figure for each frequency is given for each trial. The
attenuation due to aerosols was found to be negligible at these wavelengths, therefore those

results will not be presented here.

4.2 Trial One

For an initial trial, a three by three Weather Cube was implemented. GFS profiles in a
mesh of 42° to 44° latitude, and -75.5° to -73.5° longitude with a one-half degree resolution
were used. The latitude and longitude coordinates were chosen such that the center of the

Weather Cube was located near Rome, NY. The GFS data used was collected four times
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Table 4.1: Overview of Configurations Considered in this Research

Experiment # | Size of Weather Cube | Years of GFS Data Used
1 3x3 2:(2015,2016)
2 1x1 2:(2015,2016)
3 Ix1 1(2011)
4 5x5 1 (2011)

a day (0000, 0600, 1200, 1800 UTC) for each day for the years 2015 and 2016. Omitting
erroneous NWP reports, a total of 1,395 observations were used. Erroneous reports are
weather observation events in which no data is available from GFS. The exceedance curves
derived using the full weather cube compared with the exceedance curves measured in [8]

are given in Fig. 4.1.

4.2.1 Trial One Results .

The resulting attenuation curve calculated in trial one was an order of magnitude
different than the results derived experimentally in [8]. The behavior of the 82 GHz and
the 72 GHz exceedance curve was also very different relative to each other, as compared
to the measured data. As the results derived in trial one are clearly erroneous, no error
analysis will be considered. The cause of the significant error between the two models is
the use of the correlated-k methodology to calculate molecular effects. A plot of the total
molecular attenuation calculated by the line-by-line molecular absorption, as compared
to that calculated by the correlated-k method across a frequency sweep of the V and W
band is given in Fig. 4.2. As is demonstrated in Fig.4.2, the band-averaging correlated-
k method does not adequately capture the effects of the many resonance lines around 60

GHz, resulting in the large difference between the methodologies. It is recommended that
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Figure 4.1: Trial One: Exceedance curves derived using a three by three Weather
Cube using two years of NWP data as compared to the experimental results derived in
[8]. The results are plotted on a logarithmic scale on the independent axis to emphasize
the difference in the highest attenuation values occurring at the lowest exceedance
percentages. The results derived using the Weather Cube data do not show agreement

with the measured data.

full line-by-line molecular absorption methods should be implemented in the V and W

band.

4.3 Trial Two

A single GFS profile located at 43.0 ° latitude and -75.5 ° longitude was considered for
two years of data. The latitude and longitude coordinate used is located near Rome, NY. The
GFS data used was collected four times a day (0000, 0600, 1200, 1800 UTC) for each day
in the year 2015 and 2016. Omitting erroneous NWP reports, a total of 2696 observations

were used. The exceedance curves derived using the single-profile for two years with the
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Figure 4.2: Total path attenuation from molecular effects calculated using a line-by-

line (LBL) and Correlated-K at (Corr.K) at cm™' resolution for a frequency sweep of

the V and W band.

exceedance curves measured in [8] is given in Fig. 4.8. For the second trial, LEEDR
output profiles of molecular, rain, cloud, and aerosol extinction were generated allowing for
comparisons to corresponding ITU-R methods described in section 3.6. The use of LEEDR
output profiles allows for each constituent effect to be considered individually. The Weather
Cube data structure does not include separate extinction profiles for each constituent effect,

as the extinction data included in the Weather Cube data structure is the total combined

path extinction.

4.3.1 Trial Two Results.

The use of the line-by-line method to calculate molecular absorption gives much more
accurate results, as compared to the results obtained in trial one. The exceedance curve
generated in trial two is given in Fig. 4.3. The error figure curve given in Fig. 4.4 plots the

error figure y(p) for each exceedance probability p. Fig. 4.4 shows that the maximum error
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occurs at approximately p = 10% with the relatively low error occurring at the highest
exceedance percentages. The comparison between the ITU-R model for molecular effects
(ITU-R P.676) and the molecular effects derived from the Weather Cube model is given in
Fig. 4.5. As the molecular effects in the ITU-R are calculated using standard atmospheres,
the total attenuation values are constant for each exceedance percentage. The comparison
between the ITU-R cloud model derived probability of exceedance and the Weather Cube
model given in Fig. 4.6 shows good agreement at low exceedance percentages with
more variation at higher exceedance percentages. The comparison between the total rain
attenuation exceedance curves calculated by the Weather Cube methodology given in Fig.
and the ITU-R model show the greatest discrepancy. The largest attenuation values of any
effect are the result of rain. When only a single profile of NWP data is used, there is only
one type of weather incorporated into the entire slant path for each weather observation
event. This is likely the cause of the stair-case like shape of Fig. 4.3, as there is no weather

diversity in the path.

Table 4.2: Trial Two: Error Figure Statistics

Frequency | MEAN | RMS

GHz W W
82 0.4991 | 0.6811
72 0.4686 | 0.6317

34 0.3837 | 0.5151

23 0.1175 | 0.2072
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Figure 4.3: Trial Two: Exceedance curves derived using a single profile with two years
of NWP data as compared to the experimental results derived in [8]. The results are
plotted on a logarithmic scale on the independent axis to emphasize the difference in

the highest attenuation values occurring at the lowest exceedance percentages.

4.4 Trial Three

A single GFS profile located at 43.0 ° latitude and -74.5 “o longitude was considered
for a single year of data. The latitude and longitude coordinate used are approximately at
the midpoint of the slant path modeled in [8]. The GFS data used was collected four times
a day (0000, 0600, 1200, 1800 UTC) for each day in the year 2011. Omitting erroneous
NWP reports, a total of 1,395 observations were used. The purpose of considering a single
slant path for a single year is to provide comparison data for both a single-profile trial
described in section 4.3, and the full five-by-five cube considered in section 4.4.1. The
exceedance curves derived using the single-profile for a single year with the exceedance

curves measured in [8] is given in Fig. 4.8.
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Figure 4.4: Trial Two: Error figure between the exceedance curves calculated using
Weather Cubes and those observed experimentally in [8]. The error figure is defined

in section 3.7. The maximum error occurs between five and fifteen percent.

4.4.1 Trial Three Results .

The error figure generated for trial three is given in Fig. 4.9, and the table containing
the average and RMS values for the error figure of each frequency is given in table 4.3.
As compared to the results derived in trial two (single profile, two years of NWP data),
there is an increase in the average error figure across all results. The GFS data used to
create each Weather Data is available for only four times a day, giving a six hour temporal
spacing of the calculated attenuation data. The measured attenuation data was derived from
a radio sound technique, which made measurements at a sampling frequency of 1 Hz [8].
The Weather Cube data is sparsely sampled as compared to the measured data. Using more
years of NWP data, and thus more Weather Cubes, should allow for a greater variety of

weather observations to be incorporated into the total attenuation statistics. Including more
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Figure 4.5: Comparison of ITU-R and Weather Cube molecular attenuation models
for the calculation of attenuation extinction curves from molecular absorption and

scattering.

weather observations increases the chance of capturing significant rain and cloud events,
which will likely result in a more realistic exceedance curve. Whereas there is a limit on
how accurate the Weather Cube method can be based on the use of six hour GFES data, the
additional high-attenuation events observed should produce a more accurate distribution of

attenuation data from which to calculate the total exceedance.

4.5 Trial Four

A full five by five Weather Cube was implemented. GFS profiles in a mesh of 42° to
44° latitude and -75.5° to -73.5° longitude with a one-half degree resolution were used.
The latitude and longitude coordinates were chosen such that the a full slant path pointing

directly east originating from the surface at Rome, NY to an altitude of 100 km above the
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Figure 4.6: Comparison of ITU-R and Weather Cube cloud attenuation models for

the calculation of attenuation extinction curves from cloud absorption and scattering.

Table 4.3: Trial Three: Error Figure Statistics

Frequency | MEAN | RMS
GHz W W
82 0.5204 | 0.7289
72 0.4941 | 0.6770
34 0.4064 | 0.5569
23 0.1414 | 0.2373

surface. This geometry was chosen to attempt to replicate the propagation path used in

[8]. The GFS data used was collected four times a day (0000, 0600, 1200, 1800 UTC) for

each day in the year 2011. Omitting erroneous NWP reports, a total of 1395 observations
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Figure 4.7: Comparison of ITU-R and Weather Cube rain attenuation models for the

calculation of attenuation extinction curves from cloud absorption and scattering.

were used. The exceedance curves derived using the full Weather Cube compared with the
exceedance curves measured in [8] is given in Fig. 4.10.

4.5.1 Trial Four Results.

The error figure generated for trial four is given in Fig. 4.11, and the table containing
the average and RMS values for the error figure of each frequency is given in table 4.4.
Across all results, the average and RMS of the error figure are larger then in the both single

profile, single year case (trial three), and the single profile double year case (trial four).

4.6 Best and Worst Case Analysis
For further analysis an examination of individual observations is given. In particular,
the worst case scenario and best case scenario attenuation events are considered. The worst

case scenario in this study is the observation in which the highest total path attenuation
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Figure 4.8: Trial Three: Exceedance curves derived using a single profile with a single

year of NWP data as compared to the experimental results derived in [8].

Table 4.4: Trial Four: Error Figure Statistics

Frequency | MEAN | RMS

GHz i W

82 0.5766 | 0.7811

72 0.5365 | 0.7237

34 0.4552 | 0.5984

23 0.1688 | 0.2718

values is observed. With the effects considered in this research, the worst case scenario is
the day in which the most extreme rain event is observed. The worst case scenario captured

in 2011 by a Weather Cube for Rome, NY occurred on August 28th, 2011. A depiction
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Figure 4.9: Trial Three: Error figure between the exceedance curves calculated using
Weather Cubes and those observed experimentally in [8]. The error figure is defined

in section 3.7. The maximum error occurs between five and fifteen percent.

of the rain fields placed in the cube is given in Fig. 4.12. The total attenuation values for

the worst case are 82 GHz and 72 GHz are given as 88.4 dB and 82.1 dB respectively. A
plot of the extinction coefficient along the slant path is given in Fig. 4.13. After a distance
of approximately 25.5 km along the slant path (a distance of approximately 21 km across
the surface), the extinction coeflicient drops to zero. The best case attenuation event is the
observation in which the least attenuation is observed. The least attenuation is observed
under clear sky conditions. The least attenuation observed captured in 2011 by a Weather
Cube for Rome, NY occurred on February 15th, 2011, and is depicted in Fig. 4.14. A plot of
the extinction curve along the slant path is given in Fig. 4.15. The total attenuation values
for the best case are 82 GHz and 72 GHz are given as 1.2 dB and 3.2 dB respectively.

The dynamic range, defined as the difference between the largest attenuation and the least
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Figure 4.10: Trial Three: Exceedance curves derived using a full five by five Weather

Cube compared to the experimental results derived in [8].

attenuation calculated by the Weather Cubes, is 84.4, 87.2, 21.5, and 78.9 dB respectively

4.7 Full Results Analysis

The total error results as compared to measured results are given in table 4.5. To show

the distribution of attenuation values calculated using the Weather Cubes, Fig. 4.17 gives a
histogram of total path attenuation data for the 82 GHz frequency in the Weather Cube. The
use of a full five by five weather cube incurs slightly more error than a single weather profile
for the same year. This conclusion is counter-intuitive, as one might expect the use of the
full five by five Weather Cube should allow for a diversity of weather along the slant path.

The cause of this discrepancy might be best explained by examining each constituent effect
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Figure 4.11: Trial Four: Error figure between the exceedance curves calculated using

Weather Cubes and those observed experimentally in [8]. The error figure is defined

in section 3.7. The maximum error occurs between five and fifteen percent.

Table 4.5: Summary of Error Results from Each Trial

Frequency | Trial 2 Trial 3 Trial 4
GHz MEAN ¢ | MEAN ¢ | MEAN ¢

82 0.4991 0.5204 0.5766
72 0.4686 0.4941 0.5365
34 0.3837 0.4064 0.4552
23 0.1175 0.1414 0.1688

separately. As demonstrated in trial two, the total attenuation calculated by rain showed

the greatest difference between the Weather Cube derived results and the results suggested
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Figure 4.12: Worst case attenuation event with the most significant rainfall captured
during the year using the five by five Weather Cube in trial four. The total path

attenuation values due to aerosol, cloud, molecular, and rain effects are given.

by the ITU-R model. In particular the Weather Cube model over-estimates attenuation for
almost all results. The error figure between the total path attenuation due to rain, compared
against the ITU-R rain methodology and the total path attenuation due to clouds, compared
to the ITU-R cloud methodology in trial two is given in Fig. 4.16. The error figure for
the rain shows a large spike at the p = 10%. The discontinuity in the error figure for rain
is caused by the fact that the ITU-R rain model predicts O dB of rain attenuation above
p = 10%. This would force the error figure equation (Eq. 3.22) to become infinite, which
by a visual inspection of Fig. 4.7 is not the case.

The inaccuracy of the rain model at these exceedance percentages may be caused
by the fact that the Weather Cube weather placement algorithm only places liquid

precipitation. While ice is generally present in all non-tropical regions, snow, freezing
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Figure 4.13: Extinction profile along the slant path for a worst case scenario

attenuation event.

rain, and ice clouds are very likely to occur at the propagation path under consideration
(Rome, NY). As the complex index of refraction of ice is less than that of liquid water, the
attenuation incurred liquid precipitation is higher than that of frozen water. The assumption
that all precipitation is liquid water can result in an over estimation of attenuation from rain.
This is supported by the location of the maximum error (p = 5 to 15%) in each of the error
figures, while at the lowest exceedance percentages (p < 5%) the error figure is relatively
low.

In analyzing the performance of the Weather Cube model for exceedance percentages
less than p < 5%, it is worth stating that the measured results for the two V and W
band frequencies are only given for exceedance percentages greater than 0.9%. Without
measured data for exceedance values less than 0.9%, a comparison is made with the total
attenuation curve generated by the ITU-R total attenuation model given in Fig. 3.8. The

largest source of attenuation for the lowest exceedance percentages is liquid rain. The ITU-
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Figure 4.14: Least case attenuation event in which no rain or clouds were placed

within the Weather Cube.

R model for rain attenuation predicts that the attenuation for 82 and 72 GHz should be
in the range 40-50 dB at an exceedance probability of p = 0.1% . The total attenuation
values calculated by the Weather Cube model are much greater than that predicted by the
ITU-R at the exceedance probability p = 0.1%. The top four highest observed attenuation
events for each frequency by the Weather Cube method are given in table 4.6. Whereas the
ITU-R model for rain attenuation claims a validity for frequencies in the range 1-1000 GHz,
several researchers have questioned the validity of ITU-R P.838 for use in EHF applications
[39] [40]. Further research is needed to validate the attenuation values predicted by the
Weather Cube for exceedance percentages less than p < 5%.

Whereas the full five-by-five Weather Cube (trial four) appears to give more error then
in the single profile case (trial two and three), the use of the full Weather Cube is still
recommended. Improvements to the weather placement algorithm to include the effects

of ice should give much lower error for the use of the full five by five case. When a
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Figure 4.15: Extinction profile along the slant path for a least case attenuation event.

Molecular extinction is the only effect calculated in this case. The extinction profile

drops exponentially with altitude

single profile of weather data is used, only a single type of weather is placed for each
weather observation resulting in a stair-case like shape of the exceedance curve as similar
attenuation values are likely reported. Using the full five-by-five Weather Cube allows for

weather diversity along the path, which results in much smoother attenuation curves.
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Table 4.6: Highest Attenuation Values for Each Frequency from Trial Four
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Exceedance 82 GHz 72 GHz 34 GHz 23 GHz
Order
Percentage, % | Attenuation, dB | Attenuation, dB | Attenuation, dB | Attenuation, dB
1 0.0717 88.4451 82.0715 27.5926 17.3247
2 0.1435 56.9661 52.5624 15.8944 10.2606
3 0.2152 54.4466 50.6017 15.7726 10.1123
4 0.2869 54.0666 50.1253 15.5566 9.4939
1.8
— Cloud Error
Ler ——Rain Error

Figure 4.16: Error for rain and cloud effects from trial two. The error is defined as

the error between the Weather Cube and I'TU-R model derived exceedance curves.

There is more error from the rain model as compared the the cloud model. There is

an extreme peak of rain error at p = 10%
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Figure 4.17: Histogram of total path attenuation values for 72 GHz from trial four.

Most of the 1,395 attenuation events observed were less than ten decibels.
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V. Conclusion

5.1 Conclusion

In this study, the use of Weather Cubes compiled by the atmospheric characterization
package LEEDR were used in an attempt to develop long-term attenuation statistics.
While initial results show potential in this technique, further improvements to the weather
placement algorithm must be made in order for this technique to be useful for any practical
application. SATCOM links may require accurate exceedance data for as low as p = 0.01%,
therefore there is room for improvement with this methodology. As an initial evaluation of

this methodology, this research provides several recommendations for improvement.

e The use of correlated-k or other band-averaged model should be used carefully in the
V and W band, as the presence of several strong absorption lines gives very erroneous

results.

e The calculation of total path attenuation currently employed in LEEDR can be made
more accurate as compared to measurements not averaging the optical depth along

the path (See Appendix A).

e The assumption that all precipitation is liquid water should be revisited. The inclusion
of snow, ice, and freezing rain may increase the accuracy of the exceedance curves.
The difference between liquid and solid water must be taken into account when using

Mie Scattering to calculate precipitation extinction.

Additionally, this research provides a framework for future validation of long-term

attenuation statistics derived from Weather Cubes against measured data.
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5.2 Comparison With Other Models

In its present state, the Weather Cube methodology performs worse than the statistical
NWP ITU-R model, and the instantaneous NWP model ATM PROP in terms of average
error figure presented in [10]. There is no NWP based model that claims to be verified and
validated. With the improvements or alternatives to the weather placement algorithm, it is
expected that the Weather Cube methodology should reach a desired level of accuracy
for practical use. The approach used in this research differs from those presented in
[10] and [27]. In [27] a mesoscale model is used to give high resolution atmospheric
characterization for the propagation path, while the Weather Cube methodology uses GFS
with less resolution. Alternatively, [10] places inferred rain and cloud cells from a database
of observed rain and cloud fields collected by a radar. In [10] not only are the presence
of rains and clouds inferred, but also the spatial distribution. A study has not yet been
performed on how fine of a resolution the atmospheric characterization data needs to be
in order to calculate long-term attenuation statistics. Preliminary results reported in this
thesis show that even with improvements needed in the weather placement algorithm,
the exceedance curve can be partially captured using a single year of GFS data. The
accuracy may be improved by simply using more years of available NWP data. The
novel atmospheric characterization used in the Weather Cube may preclude the need
for invoking more computationally expensive atmospheric models, which may be useful
for the development of a global climatology study or for the development of empirical
recommendations for engineering analysis. Additionally, the Weather Cube methodology
does not rely on the accuracy of other models to calculate attenuation, as physics based
extinction is calculated directly from Mie Scattering and by the line-by-line absorption

method, albeit at the cost of higher-computational time for the attenuation calculations.
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5.3 Application and Impact

Weather Cubes may eventually be used for two types of applications. The first is the
long-term, climatology based attenuation studies similar to that presented in this research
in which NWP data is pulled from databases for multiple years. This type of study may
be useful in system development, or in the engineering development of PMT. A second
potential application is in mission planning. The GFS data used allows ten day future
forecast data. The Weather Cube methodology could be used to give decision makers a
future expectation of system performance. This type of analysis can be applied to satellite

communication or remote sensing applications.

5.4 Future Work

This research represents an initial attempt to use Weather Cubes to generate long-
term attenuation statistics for RF earth-space links. Although initial results are promising,
the Weather Cube methodology must be improved before verification and validation is
performed.

5.4.1 Adjustment of Weather Placement Algorithm.

The disagreement between the Weather Cube derived exceedance curves and the
radio sound derived curves at the lowest exceedance percentages is most likely due to
limitations in the current weather placement algorithm. It is recommended that a study
should undertaken to improve this algorithm. There are two issues with this algorithm that
should be addressed. The first is the assumption that all precipitation throughout the year is
liquid water. The index of refraction of snow and ice is different than that of liquid water,
therefore the scattering and absorption from rain and clouds calculated using the current
algorithm may be an over estimation. This effect can be significant in this research, as the
path considered is modeled through the northern part of New York state, which is a region
that typically encounters cold temperatures and snowfall. Additionally, the placement of

the cloud field within a rain propagation shaft should be reconsidered. Currently a cloud is
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placed from the middle of a cloud layer to the surface. It is suggested that this assumption
be reconsidered, to attempt to create a more accurate cloud fields.

5.4.2 Verification and Validation.

Once the weather placement algorithm is adjusted, an attempt should be made to
verify and validate the use of Weather Cubes in this application. Verification in this
application means that the methodology generates similar results as those already used in
this application. Validation refers to comparison with known truth data, to ensure the results
are accurate. Full verification and validation cannot be performed at this time due to the lack
of experimental data to compare against. In order to validate any methodology to generate
long term path attenuation statistics, measured data is needed for a variety of geographic
regions with varying climates. Comparisons between methodologies cannot be made by
considering a single region of interest. The lack of experimental data also limits efforts for
verification to similar comparison models, such as ATM PROP, that could potentially be
used for verification, but cannot be validated. Validation can only be done as experimental
research becomes available. There is an upper limit on how validated a methodology can
be in this application.

This research was designed to demonstrate how verification and validation of Weather
Cubes can be performed for a single location under study, with the expectation that a
similar model will be used as more experimental data becomes available . In this thesis,
the single slant path modeled was chosen to replicate the experiment performed by Brost
and Cook in [8], so that the experimental data could be used in validation, while the ITU-R
method developed in section 3.6 was used as verification data. The resulting performance
metric of each methodology given in section 3.7 for a single location. A full comprehensive
verification and validation can be done in the future by repeating this model process for any
published experimental data, and then combining the individual performance metric from

each study to give a combined score.
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5.4.3 Tropospheric Scintillation.
The Weather Cube contains vertical profiles of the structure parameter for turbulence.
It may be possible to use this data perform tropospheric scintillation studies, as measured

data becomes available data with coherent phase information becomes available.
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Appendix: Attenuation Calculations

A.1 Differences in Calculations

The calculation of total path attenuation differs from that currently used in LEEDR. In
order to explain the differences between the two methodologies, and to provide justification
as to why one is useful over the other, a derivation of both is given.

A.1.1 LEEDR Attenuation Methodology.

In LEEDR, the total path attenuation is not calculated directly. Instead a specific
attenuation value for the entire length of the path is given. The total path attenuation can
then be calculated by multiplying the specific attenuation by the entire path length. For a
given vertical extinction profile 8, with N total extinction coefficients, LEEDR calculates a

total path extinction E,,,; using

100
~ Nsin(9) (A.)

SN BenlAS
Eiops = ——7——— A2
I SYAS (A.2)

where AS is defined in Eq. 3.15. By multiplying the total path attenuation calculated by the
attenuation constant (10logo(e)), the specific attenuation in units of (dB/km) is calculated
as

y = 10logio(e)Eorar- (A.3)

The total path attenuation in decibels is found multiplying the specific attenuation by the

length of the slant path by
100
sin(6)

B =Y (A.4)

where the 100 is the LEEDR defined top of atmosphere, and 6 is the elevation angle of the

slant path. Further examination of Eq. A.2 yields,

Etotal = (AS)

Y BnIAS  AS TN Bn] 1 ¢
Y AS  ASN N;ﬁe[n]
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it is demonstrated that the total path extinction is the simple average extinction coefficient
along the path. Although the forms of Eq. A.3 and Eq.3.3f are similar, A.3 calculates a
specific attenuation y in (dB/km), while Eq. 3.3f calculates a total integrated attenuation in
Ayp.

The derivation of Eq. A.3, as it used in LEEDR, begins with the definition of specific
attenuation. Using the equation for total attenuation. as defined in 3.3b, the specific

attenuation for a slant path y as

3 1010810(%) _ 10log(e"t)

7 7 (A.7a)

Y

where L is the total slant path length in km, and E,,,,; is the total path extinction as defined

in A.5. To simplify this equation, the logarithm change of base formula is used as

In(X)
In(10)

logo(X) = (A.7b)

Applying the change of base formula to A.7a, the specific attenuation can be calculated as

B Eln(eEm’”’L) _10E,uL 10

_ _ _ Eoa. A7
L In(10) _ Lin(10) _ In(10) ™ (A7)

The constant % ~ 4.343 is then the same number as the attenuation constant used in 3.3f.
There are two differences between the methodology currently employed in LEEDR.
A.1.2 Determination of Optical Depth .

Method one (currently used in LEEDR) calculates a total path attenuation by
averaging the extinction coeflicient along the slant path. This assumes that the optical depth
of the atmosphere is evenly distributed throughout the entirety of the slant path. In general
this is not a good assumption as the lower atmosphere tends to be more optically thick
because of the presence of weather and because of the higher density of the atmosphere.
This difference is especially detrimental with respect to cloud and rain events, which give

relatively high extinction values over a small distance. Fig. A.1 gives a comparison of

method one (M1) and method two (M2) for two frequencies, 82 GHz and 72 GHz, with
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the radio sound data [8]. The results for M1 produce higher attenuation values then the
expected measured data at all exceedance percentages, while M2 shows agreement for

exceedance percentages above 55%.

120 - —— M1 82 GHz
—— M1 34 GHz
"""" M2 82 GHz
........ M2 34 GHZ
—Meas. 82 GHz
—Meas. 34 GHz

[y
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10 20 30 40 50 60 70 80 90 100
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Figure A.1: Method One (The Method Currently Employed in LEEDR v. Method Two
(The Method Used in this Work) [8].

A.1.3 Direction of Integration.

In method one the optical depth is calculated as the product of the slant path length AS,
while in method two the optical depth is calculated as the product of the vertical component
of the slant path AZ. As each extinction coefficient is calculated under the assumption of a

horizontally stratified atmosphere, it is more natural for the vertical component to be used

in the integral.
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